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The system navigation study scope is to examine the feasibility of navigation
improvements to the Upper Mississippi River and Illinois Waterway to reduce
delays to commercial navigation traffic.  The study will determine the location
and appropriate sequencing of potential navigation improvements on the system,
prioritizing the improvements on the system, and prioritizing the improvements
for the 50-year planning horizon from 2000 through 2050.  The final product of
the System Navigation Study is a Feasibility Report which is the decision
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Summary

The Navigation Study Submerged Aquatic Plant Ecological Risk Assessment
presents an initial assessment of the potential ecological risks posed by
commercial traffic on submerged aquatic plants that grow in the main channel
and main channel borders of the Upper Mississippi River-Illinois Waterway
(UMR-IWW) System.  Backwaters were not included in this risk assessment. 
This assessment addresses the possibility of plant breakage resulting from
increases in current velocity or the momentum imparted by wake waves
associated with the passing of commercial vessels.  The assessment also
examines the possibility that commercial vessel-induced increases in suspended
sediments might diminish available underwater light enough to impair
photosynthesis, growth, and vegetative reproduction of submerged aquatic
plants.

Two species were selected to represent contrasting characteristic life forms of
submerged aquatic vegetation in the UMR:  American wild celery (Vallisneria
americana) represents the submerged aquatic plant group with a rosette (i.e.,
having the majority of plant biomass resting on the sediments); in contrast, sago
pondweed (Potamogeton pectinatus) exemplifies the canopy-forming plant
group with elongated stems that  reach up to and spread over the water surface. 
The potential and realized habitat for growth of these typical aquatic plant
species was delineated based on the assumption that light availability limits
submerged aquatic vegetation in the UMR-IWW System to areas where water
depths are 1.5 m or less.  Combined analysis of 1989 aerial imagery and
application of this simple depth rule to bathymetry data for the Long Term
Resource Monitoring Program (LTRMP) Trend Pools (UMR Pools 4, 8, 13, and
26 and IWW La Grange Pool) produced maps of existing and potential beds of
submerged aquatic vegetation.  This report describes the risk assessment of
selected portions of UMR Pools 4, 8, and 13.  Pool 13 has been suggested as a
southern limit for maintaining viable populations of submerged aquatic plants in
the main channel due to high turbidity in the lower pools.  However, submerged
aquatic vegetation does inhabit certain managed backwater areas in more
southerly river segments (e.g., Pool 26).  

The Navigation Study Submerged Aquatic Plant Ecological Risk Assessment
was organized according to the fundamental components of the ecological risk



xii

assessment process: problem formulation, analysis (characterization of exposure
and characterization of ecological effects), and risk characterization (USEPA
1998).  The risk assessment methodology described in this report is being
developed to assess the potential ecological impacts associated with the
anticipated growth of commercial traffic navigating the UMR-IWW System for
the period 2000-2050.  Assessments of potential impacts on early life stages of
fish, adult fish, and fish spawning habitat, as well as impacts on the survival,
growth, and reproduction of freshwater mussels, are concurrently being
developed.  In the absence of actual traffic projections, the present assessments
are evaluating risks posed by hypothetical 25, 50, 75, and 100% increases in
traffic intensity compared to traffic intensity determined from the 1992 lockage
records.  The hypothetical scenarios are presented as increases in the average
daily number of vessels traversing each pool on the UMR-IWW System (i.e.,
tows/day).  

The results of the screening for impacts on submerged aquatic plants due to
direct physical forces suggested that less than 1.5% of the possible combinations
of vessel type, location in relation to sailing line, and pool stage height would
produce plant breakage for locations with a depth of 1.5 m or less.  For all pool
stage heights, the greatest physical impacts were associated with vessels located
on the left edge of the navigation channel.  More than 95% of the possible plant
breakage resulted from secondary wave heights that exceeded the 0.2-m criteria.

 A time series of light extinction coefficients was constructed for each
location and traffic scenario using the suspended sediment concentrations
derived from the traffic projections (e.g., tows/day) and the vessel characteristics
(e.g., tow type).  The values estimated for suspended sediments associated with
the 1992 baseline traffic data resulted in monthly average extinction coefficients
that ranged from 3.08 to 4.24 m-1 in Pool 4, 2.24 to 3.94 m-1 in Pool 8, and 2.96
to 3.42 m-1 in Pool 13.  Using the average monthly ambient suspended sediment
concentrations, the following ranges of light extinction coefficients were
calculated: 2.62 to 3.00 m-1 for Pool 4, 3.30 to 3.84  m-1 for Pool 8, and 4.23 to
4.58 m-1 for Pool 13.  The differences in the light extinction values based on
simulated 1992 traffic and those calculated from ambient values result largely
from different ambient suspended sediment concentrations reported for the
particular cell within each pool in comparison to the reported monthly average
value.  The results of increased traffic on suspended sediments produced
increases in light extinction coefficients in the order of 1 to 28%, depending on
the combination of month, pool, and traffic scenario.  The light extinction
coefficient is an exponent, so a small increase in it actually means an
exponentially greater decrease in light availability.  In Pool 4, the greatest
relative increase in light extinction occurred for the months of May and
September.  The greatest relative increase in light extinction occurred during the
months of May and August in Pool 8.  The greatest percentage increase in light
extinction occurred for the months of June and July in Pool 13.

The plant growth models for American wild celery and sago pondweed were
implemented for selected locations in Pools 4, 8, and 13.  For wild celery, the
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total annual biomass (living + non-living) decreased by as much as 27% for a
100% traffic increase in Pool 13; across the assessed scenarios, decreases in wild
celery biomass ranged from 12-27% in Pool 13.  The decreases in wild celery
biomass due to the simulated traffic increases for Pools 4 and 8 were less and
ranged from 1-8%.  Gross production and living biomass (two other measures of
plant growth) of wild celery decreased from ~10 to ~27% across the four
increased traffic scenarios.  Wild celery growth reductions were in the order of
0-4% in Pool 8, while corresponding impacts in Pool 4 range from ~3 to ~9%
compared to the 1992 baseline simulations.  The modeled impacts of increased
traffic on the allocation of photosynthetically fixed carbon to the reproductive
structures (i.e, tubers) of wild celery were minimal.  The maximum values of
wild celery tuber numbers and biomass were unchanged in Pools 8 and 13.  The
greatest impacts were in Pool 4, and the projected decreases were less than 3%
for average tuber number and biomass; reductions in the maximum values
ranged from 2-8% across the traffic scenarios in Pool 4.  

As with wild celery, the largest impacts on sago pondweed from traffic
increases were observed for Pool 13; however, the impact on sago pondweed
growth was less than that on wild celery.  The simulated values of sago
pondweed biomass (living or total) were reduced by approximately 4-9% in
Pool 13 compared with the 12-27% reductions simulated for wild celery in
Pool 13.  Modeled decreases in total sago pondweed biomass for Pools 4 and 8
were less than 3% of the 1992 baseline values across all increased traffic
scenarios.  For all four traffic increase scenarios, the modeled impacts were less
than 10% of the 1992 baseline values for sago pondweed production and living
biomass; the greatest impacts occurred in Pool 13, with correspondingly lesser
impacts in Pools 4 and 8, respectively.  No changes in average or maximum sago
pondweed tuber numbers or biomass occurred in Pool 4.  In both Pools 8 and 13,
the average number and biomass of sago pondweed tubers increased slightly
with increased traffic; however, the corresponding maximum values decreased
by as much as 6% for the 100% traffic increase scenario in Pool 13.

The next phase in assessing traffic impacts on submerged aquatic plants will
be to incorporate the current methodology into a framework that characterizes
risk in probabilistic terms.  More detailed, probabilistic assessments will be
performed for selected locations and traffic scenarios identified by the
preliminary analyses.  Parameters used in the calculations (e.g., suspended
sediment concentrations produced by the NAVSED model (Copeland et al.
1999), light extinction coefficients based on the regression equations developed
by Soballe (Environmental Management Technical Center (EMTC)), plant
growth model coefficients) that are imprecisely known will be defined as
statistical distributions.  Monte Carlo simulation methods will be used to
propagate these uncertainties through the model calculations to produce
distributions of impacts on growth and vegetative reproduction in relation to
specific traffic scenarios.  These distributions of results can be used to estimate
the probability of different magnitudes of impact in a manner consistent with
probabilistic risk estimation.



Chapter 1   Introduction 1

1 Introduction

Background

The Mississippi River is an integral part of American heritage, a unique
resource, and the best example of a multipurpose river in the U.S.  The
Mississippi River, with a drainage basin of nearly 4 million km2, is one of the
largest and most productive ecosystems in the world (Holland-Bartels et al.
1990b).  The river above the confluence of the Ohio River is commonly called
the UMR (Figure 1) and includes nearly 500,000 km2 of watershed (Holland-
Bartels et al. 1990b).  The UMR, including the IWW and several important
tributaries (Figure 1), is designated both a nationally significant ecosystem and a
nationally significant navigation system; it is the only inland river in the U.S. to
have such a designation.  Many national wildlife refuges exist along the river
corridor.  In addition, the Mississippi Flyway is the migration corridor for 40%
of North America's waterfowl and shorebirds, as well as an important flyway for
raptors and neotropical songbirds. 

The history of navigation on the UMR-IWW System began in the 1820s,
when Congress authorized navigation improvements by the Corps of Engineers;
these improvements included the removal of snags and other obstructions in
several locations of the Mississippi River and the construction of a canal
connecting Lake Michigan to the Illinois River (Fremling and Claflin 1984). 
Several navigation improvement projects, such as the excavation of rocks,
closing off sloughs, construction of the 4.5-foot navigation channel, and
construction of the 6-foot navigation channel, continued throughout the early
1900s (Fremling and Claflin 1984).  Projects creating the current 9-foot
navigation channel were authorized in the 1930s, and by 1940, most had been
completed by the U.S. Army Corps of Engineers (USACOE) (Fremling and
Claflin 1984).  Twenty-nine locks and dams on the Mississippi and eight on the
Illinois replaced rapids and falls with a series of terraced pools for commercial
and recreational traffic (Figure 1).  Habitats in a typical pool include a braided
channel in the upper pool, a lotic area at the head of the pool, and a lentic
environment above the impounding lock and dam (Van Vooren 1983).  Barge
traffic transports a wide variety of essential goods on the UMR-IWW System. 
Agricultural commodities, petroleum products, and coal are the leading cargoes,
with farm products accounting for approximately half of the total tonnage
shipped.  
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Figure 1. The Upper Mississippi River-Illinois Waterway (UMR-IWW) System,
the pool upstream from the dam has the same number or name as
the dam

Estimates indicate that the transport of commodities (commercial navigation
traffic) on the river system could significantly increase in the future (Holland
1986, Holland-Bartels et al. 1990a).  In the UMR-IWW System, a typical
commercial “tow” consists of a towboat and 15 barges with the configuration of
3 barges wide by 5 barges long (Holland 1986).  Direct impacts on submerged
aquatic plants that could result from a passing tow include breakage or uprooting
of plants from the changes in current velocity and waves produced by the
commercial tows as they pass.  Possible indirect impacts include the reduction in
plant growth and/or vegetative reproduction caused by the decrease in available
underwater light because of resuspension of nearshore sediments caused by tows
passing throughout the growing season.   
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The purpose of the Navigation Study Submerged Aquatic Plant Ecological
Risk Assessment is to assess the incremental impact of increased commercial
navigation traffic from 2000 to 2050 (in 10-year increments) on submerged
aquatic plants in the main channel and main channel borders of the UMR-IWW
System.  Backwaters were not included in this risk assessment primarily due to
the absence of ambient suspended sediment data in backwaters and the difficulty
of translating traffic increases to changes in suspended sediment in backwaters. 
As of the writing of this initial risk assessment, commercial traffic projections
are being developed by the USACOE economists; therefore, to characterize
commercial traffic intensity, a baseline number of vessels passing through each
pool for each month was developed using 1992 lockage data.  For this initial risk
assessment, four hypothetical future traffic scenarios were constructed assuming
25, 50, 75, and 100% increases over the 1992 baseline data.  Existing fleet data
were also analyzed to construct a data set that describes, by pool and by month,
the relative distribution of vessels across categories of vessel direction, size,
speed, load, and whether or not the vessel had a Kort nozzle (a type of propeller
jet).  This classification scheme produced 108 possible configurations for
commercial vessels operating on the UMR-IWW System.  In developing and
assessing the future traffic scenarios, it was assumed that the current fleet
configuration will apply through the year 2050. 

A rule-based model was developed to assess the direct physical impacts on
submerged aquatic plants caused by currents and waves resulting from
commercial navigation.  Physical forces resulting from a passing commercial
tow were calculated using a physical forces model, NAVEFF (Maynord 1999). 
These calculations have been integrated with the potential submerged aquatic
plant coverage in the UMR-IWW System to determine areas in the river system
where rules are exceeded and where physical forces resulting from a passing
commercial tow would pose an ecological risk to submerged aquatic plants. 
Maps of the geographic information system (GIS) coverages of the existing and
potential beds of submerged aquatic vegetation for UMR Pools 4, 8, and 13 are
located in Appendix A.  The estimated incremental impacts of increased
commercial navigation traffic on submerged aquatic plant growth and vegetative
reproduction were calculated using a physiological process model developed for
hydrilla (Hydrilla verticillata) (Best and Boyd 1996, Boyd and Best 1996) that
was modified for sago pondweed and American wild celery (also commonly
referred to as eelgrass), two representative species of submerged aquatic plants
common to the UMR-IWW System. 

The U.S. Environmental Protection Agency
(USEPA) Framework for Ecological Risk
Assessment

The assessment of potential environmental impacts caused by commercial
tows on submerged aquatic plants in the UMR-IWW System will meet the
technical requirements of the National Environmental Policy Act (NEPA), but
will be conducted and organized in a manner consistent with the framework for
ecological risk assessment recommended in the Guidelines for Ecological Risk
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Assessment developed by the USEPA (USEPA 1998).  The framework was
developed to promote consistent approaches to ecological risk assessment,
identify key issues, and define the terminology (Bartell 1996).  The framework
represents a step toward developing guidelines for incorporating ecological
principles into USEPA decisions (USEPA 1998).  The framework developed by
the USEPA includes three components: problem formulation, analysis
(characterization of exposure and characterization of ecological effects), and risk
characterization (USEPA 1998).

In the problem formulation component, the disturbance or stressor is
identified, the subject or ecological effects (commonly referred to endpoints) of
the risk assessment are defined, and the scope and scale of the ecological risk
assessment is presented.  In the characterization of exposure, the frequency,
magnitude, extent, and duration of the disturbance is described.  The ecological
effects consistent with the objectives of the assessment are defined and the
exposure-response relationships used to translate the exposure profile into risk
estimates are presented in the characterization of ecological effects phase of the
assessment process.  In the risk characterization section, the available
information and data are integrated, the risks are estimated, and the uncertainties
and their assessment implications are identified and estimated. (USEPA 1998)
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2 Problem Formulation

The disturbances or stressors in the Navigation Study Submerged Aquatic
Plant Ecological Risk Assessment are the physical forces associated with the
incremental increase in commercial navigation traffic, specifically a commercial
tow passing through the river system.  The ecological effects that are the focus of
this risk assessment are (1) submerged aquatic plant breakage resulting from
physical forces caused by the increase in commercial navigation traffic, and
(2) the decrease in submerged aquatic plant growth and vegetative reproduction
due to the decrease in underwater light availability because of increased
suspended sediment concentrations resulting from increased commercial
navigation traffic. 
 

Traffic projections are being developed by USACOE economists for the
future (2000, 2010, 2020, 2030, 2040, and 2050) for the conditions that would
occur without any major improvements to the UMR-IWW System, referred to as
the “without-project” conditions.  Future traffic projections also are being
developed for the selected National Economic Development (NED) Plan for the
years 2000-2050 (every 10 years).  Traffic that actually occurred on the river
system in 1992 is used as the baseline for comparison.  As of the writing of this
report, traffic projections are still under development; therefore, four future
traffic scenarios were constructed assuming 25, 50, 75, and 100% increases over
the 1992 baseline data for this initial risk assessment. 

For the purposes of this ecological risk assessment, traffic projections were
broken down into tows per day by month for each pool.  The physical forces
(i.e., current, wave height, shear stress) resulting from all possible configurations
(108) of a passing commercial tow were calculated for the main channel of the
LTRMP “trend pools” using the NAVEFF model (Maynord 1999).  The
characteristics that define a particular vessel configuration include the direction
of travel (upbound, downbound), vessel speed (slow, medium, fast), vessel size
(small, medium, big), barge loads (empty, mixed, loaded), and propeller type
(Kort nozzle, open wheel).  These classifications result in 108 different vessel
configurations; each vessel configuration is assigned a code value (1-108) that
identifies its particular combination of attributes.  These fleet characteristics that
have been developed by the USACOE economists are presumed not to change
over the study period.  The NAVEFF model estimates the far-field changes in
the main channel river current velocity in relation to tow characteristics and
traffic intensity.  NAVEFF calculates the change in velocity integrated over
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depth (i.e., one-dimensional) at distances greater than one tow-width from the
moving tow, between this distance, and the shorelines.  In addition, the NAVEFF
model was used to estimate areas of the river (main channel/main channel
border) where current velocity and wave height thresholds (minimum values at
which effects on submerged aquatic plants occur) were exceeded as a result of
the incremental increase in commercial navigation traffic.  Output from the
NAVEFF model is also being used to calculate the magnitude and duration of
sediment resuspension resulting from a passing commercial tow in the sediment
modeling effort (NAVSED (Copeland et al. 1999)).  

A GIS coverage of potential submerged aquatic plant habitat was developed
by the EMTC for UMR Pools 4, 8, and 13 using the 1989 aerial coverage of
submerged aquatic plants in the UMR-IWW System and bathymetry data from
the U.S. Army Engineer Research and Development Center (ERDC) (Appen-
dix A).  Discussions during meetings and workshops with aquatic plant experts
concluded that the spatial distribution of submerged aquatic plants in 1989 for
Pool 8 was indicative of an extensive spatial distribution within this pool in
comparison with previous years.  Submerged aquatic plants are generally con-
sidered not to grow below Pool 13 in the UMR or in the IWW due to excessive
suspended sediment concentrations and current velocities.  Exceptions include
an area in UMR Pool 19 and managed backwater areas in the UMR (e.g.,
Pool 26) and the IWW.  

A rule-based model for submerged aquatic plants was developed to determine
current velocity and wave values that cause submerged aquatic plant breakage
based on field and laboratory studies and literature (Figure 2).  Displacement of
submerged aquatic plant tubers via uprooting was not included in this risk
assessment.  Field studies have indicated that physical forces resulting from
commercial traffic do not normally uproot plants and displace tubers (Korschgen
et al. 1988).  Though wave forces sufficient for uprooting plants can be
generated by navigation traffic in nearshore areas, plants typically have been
previously excluded from these locations by current levels of navigation traffic. 
The effects of waves on submerged aquatic plant colonization and distribution
are not included in this ecological risk assessment.

The rule-based model for physical breakage was used to evaluate all cells
(defined as 10 m wide by 0.5 mile long parallel to the sailing line) with mean
depths of 1.5 m or less for the GIS data file for UMR Pools 4, 8, and 13.  Each
cell references a 3-dimensional location with a GIS data file that describes the
bathymetry of the pool and was assigned a unique identification code in relation
to its pool location in river miles and distance of its center point left or right of
the sailing line (e.g., 135R5250, 135 m right of the sailing line at River
Mile 525.0).  Evaluations were performed for three Pool 4, 8, and 13 stage
heights (low, medium, high); for each stage height, three sailing line scenarios
(centered on the sailing line, located on the left edge of the navigation channel,
or located on the right edge of the navigation channel) were evaluated.  For all
nine conditions, the impacts of 108 different vessel types on plant breakage were
assessed.  The values of current velocity and wave height for each vessel and
location were calculated using the NAVEFF model (Maynord 1999).  All cell
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Figure 2. The rule-based model developed to assess the ecological effect of breakage of submerged aquatic
plants due to the incremental increase in commercial navigation traffic

and vessel type combinations that failed the screening criteria for change in
current velocity, wave height, or both were identified and tallied.

Plant growth models were used to evaluate the potential impacts of increased
commercial traffic in UMR Pools 4, 8, and 13.  Suspended sediment concentra-
tions associated with the 108 vessel types for selected cells (<1.5-m depth) in
Pools 4, 8, and 13 were estimated using a combination of the NAVEFF and
NAVSED (a modification of NAVEFF) models (Copeland et al. 1999).  For this
initial risk assessment, one cell was selected in each pool.  Using calculations of
current velocities, bed shear stresses, and wave heights produced by the
NAVEFF, the NAVSED model calculated a time series of suspended sediment
concentrations for each vessel type and location within a pool.  These suspended
sediment concentrations were used to develop correspondingly increased light
extinction coefficients that were used as input to the plant growth models
(Figure 3).  These models estimated the magnitude of reduced growth and
vegetative reproduction for the scenarios of 25, 50, 75, and 100% increases in
commercial traffic. 
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Figure 3. The methodology to assess the ecological effect of decreased growth and vegetative
reproduction of submerged aquatic plants resulting from the incremental increase in
commercial navigation traffic 
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3 Analysis-Characterization
of Exposure

In order to perform this ecological risk assessment, the important initial step
was to characterize the nature of the environmental stress.  This step in assessing
ecological risks posed to submerged aquatic plants by commercial traffic
describes and quantifies the nature, magnitude, and extent of physical forces
produced by commercial vessels navigating on the UMR-IWW System.

In this ecological risk assessment, the analysis of potential impacts on
submerged aquatic plants is limited (1) spatially, to the main channel and main
channel borders of the UMR-IWW System, using the UMR Pools 4, 8, and 13 as
typical examples, and (2) temporally, to the typical growing season that extends
approximately from May through September on the UMR-IWW System.  It is
noted that submerged aquatic plants appear to be confined to a few managed
backwater areas in some pools such as in UMR Pool 26 and in the IWW La
Grange Pool, but these areas have not been included in the current risk
assessment.

Commercial Traffic Scenarios

Commercial traffic scenarios that define the average number of vessels which
traverse each pool each day were addressed in this risk assessment.  Table 1 lists
the number of tows per day for each month of the growing season for each
scenario in Pool 4.  The baseline values of tows/day range from between 4.7
tows/day in September to 5.9 tows/day in July.  These values translate into
approximately 141 tows in September to 183 tows for July.  The corresponding
values for the traffic scenarios for Pools 8 and 13 are listed in Tables 2 and 3,
respectively.  These data indicate the general trend for increased traffic in more
southerly pools; for example, the September and July traffic baseline values
were 207 and 285 tows/day, respectively, for Pool 13.
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Table 1
Traffic Scenarios Used in the Risk Assessment of Commercial Traffic Impacts on
Submerged Aquatic Vegetation in the UMR Pool 41

Month Baseline 1992

Percent Increase

25% 50% 75% 100%

May Tows/day 5.7 7.1 8.6 10.0 11.4

Total 177 221 265 309 353

IAT (h) 4.2 3.4 2.8 2.4 2.1

June Tows/day 5.4 6.8 8.1 9.5 10.8

Total 162 203 243 284 324

IAT (h) 4.4 3.6 3.0 2.5 2.2

July Tows/day 5.9 7.4 8.9 10.3 11.8

Total 183 229 274 320 366

IAT (h) 4.1 3.3 2.7 2.3 2.0

August Tows/day 5.8 7.3 8.7 10.2 11.6

Total 180 225 270 315 360

IAT (h) 4.1 3.3 2.8 2.4 2.1

September Tows/day 4.7 5.9 7.1 8.2 9.4

Total 141 176 212 247 282

IAT (h) 5.1 4.1 3.4 2.9 2.6

Seasonal 
Values

Tows/day 5.5 6.9 8.3 9.6 11.0

Total 843 1,054 1,264 1,475 1,685

IAT (h) 4.4 3.5 2.9 2.5 2.2

1 IAT = Interarrival Time.
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Table 2
Traffic Scenarios Used in the Risk Assessment of Commercial Traffic Impacts on
Submerged Aquatic Vegetation in the UMR Pool 81

Month Baseline 1992

Percent Increase

25% 50% 75% 100%

May Tows/day 6.2 7.8 9.3 10.9 12.4

Total 192 240 288 336 384

IAT (h) 3.9 3.1 2.6 2.2 1.9

June Tows/day 6.1 7.6 9.2 10.7 12.2

Total 183 229 275 320 366

IAT (h) 3.9 3.1 2.6 2.2 2.0

July Tows/day 6.7 8.4 10.1 11.7 13.4

Total 208 260 312 363 415

IAT (h) 3.6 2.9 2.4 2.0 1.8

August Tows/day 6.4 8.0 9.6 11.2 12.8

Total 198 248 298 347 397

IAT (h) 3.8 3.0 2.5 2.1 1.9

September Tows/day 5.2 6.5 7.8 9.1 10.4

Total 156 195 234 273 312

IAT (h) 4.6 3.7 3.1 2.6 2.3

Seasonal 
Values

Tows/day 6.1 7.7 9.2 10.7 12.3

Total 937 1,172 1,407 1,639 1,874

IAT (h) 3.9 3.1 2.6 2.2 2.0

1 IAT = Interarrival Time.



12
Chapter 3   Analysis-Characterization of Exposure

Table 3
Traffic Scenarios Used in the Risk Assessment of Commercial Traffic Impacts on
Submerged Aquatic Vegetation in the UMR Pool 131

Month Baseline 1992

Percent Increase

25% 50% 75% 100%

May Tows/day 8.9 11.1 13.4 15.6 17.8

Total 276 345 414 483 552

IAT (h) 2.7 2.2 1.8 1.5 1.3

June Tows/day 8.3 10.4 12.5 14.5 16.6

Total 249 311 374 436 498

IAT (h) 2.9 2.3 1.9 1.7 1.4

July Tows/day 9.2 11.5 13.8 16.1 18.4

Total 285 357 428 499 570

IAT (h) 2.6 2.1 1.7 1.5 1.3

August Tows/day 8.3 10.4 12.5 14.5 16.6

Total 257 322 386 450 515

IAT (h) 2.9 2.3 1.9 1.7 1.4

September Tows/day 6.9 8.6 10.4 12.1 13.8

Total 207 259 311 362 414

IAT (h) 3.5 2.8 2.3 2.0 1.7

Seasonal 
Values

Tows/day 8.3 10.4 12.5 14.6 16.7

Total 1,274 1,594 1,913 2,230 2,549

IAT (h) 2.9 2.3 1.9 1.6 1.4

1 IAT = Interarrival Time

Interarrival times

The assessment of potential impacts examines the implications of increased
traffic on plant growth on a tow-by-tow basis.  As the number of tows/day
increases, the average time between successive tows passing any reference
location within a pool decreases.  For Pool 4, the average time expected between
baseline tow passages was 5.1 hours in September and 4.1 hours in July.  The
corresponding interarrival times for Pool 13 were 3.5 hours in September and 2.6
hours in July.  These September and July interarrival times decrease to 1.7 hours
and 1.3 hours, respectively, for the 100% traffic increase scenario for Pool 13. 
Tables 1-3 summarize these interarrival values for the May through September
growing season for Pools 4, 8, and 13.  These data were fundamental to
characterizing the potential ecological stresses imposed by commercial
navigation on the UMR-IWW System.
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For this risk assessment, hypothetical time series of tow passages were
defined for Pools 4, 8, and 13 for each traffic scenario.  A sequence of tow
events describes a series of points in time (hour) that a commercial vessel passes
an arbitrary point in the pool of interest during an average day in the month of
interest.  A sequence of tow events equal to the number of vessels expected each
day was constructed separately for each pool and month.  This was done by
sampling the total number of expected events (i.e., Tables 1-3) randomly from an
exponential distribution defined by the inverse of the corresponding interarrival
time.  The resulting series of interarrival times were summed to construct the
time line of tow passages by any location in the pool, assuming all vessels
navigated the entire pool on the day they were selected.  Interarrival times were
adjusted to whole hours (e.g., tow events at 1.25 and 1.75 hours would both be
classified as having occurred in Hour 2).

Vessel characteristics

The next step in characterizing exposure for the commercial traffic scenarios
entailed assigning a vessel type to each of the events in the time series of tow
passages described previously.  The characteristics that define vessel type
include the direction of travel (upbound, downbound), vessel speed (slow,
medium, fast), vessel size (small, medium, big), barge loads (empty, mixed,
loaded), and propeller type (Kort nozzle, open wheel).  These classifications
result in 108 different vessel configurations; each vessel configuration was
assigned a code value (1-108) that identified its particular combination of
attributes.

The distributions of these possible vessel configurations were developed for
each month and pool using the 1992 lockage records.  Figure 4 illustrates the
cumulative frequency functions for vessel configuration calculated for May
through September for UMR Pool 13. Similar distributions were also developed
for Pools 4 and 8 using their respective traffic data.  The distributions are similar
for these months, with perhaps the exception of September.  Though illustrated
as a continuous variable, the cumulative frequency functions for the discrete
vessel types demonstrate essentially three clusters of vessel configuration: small,
slow vessels; medium size vessels; and the big, fast vessels.  

An equal number of vessel types was selected randomly from the
corresponding month and traffic scenarios to match the time series of events
selected on the basis of interarrival time.  The combined result of sampling was a
time line of the hours in each month in which a tow passed, plus an identification
of each event as one of the 108 possible vessel configurations.  Each vessel type
has associated current velocities and secondary wave heights in relation to its
particular characteristics.  
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Figure 4. The cumulative frequency functions for vessel configuration for May
through September for UMR Pool 13

Physical Forces

The main direct physical forces of interest in this risk assessment are changes
in current velocity and the generation of secondary waves that might be of
sufficient magnitude to physically damage submerged aquatic plants.  

Current velocities

Current velocities (m/s) were estimated for Pools 4, 8, and 13 using the
NAVEFF model (Maynord 1999).  This model uses input values of vessel size,
vessel speed, distance from left/right bank, and pool bathymetry to calculate the
far-field (i.e., >1.5 boat widths from the vessel) physical forces including a
depth-averaged current velocity.

Wake waves

The NAVEFF model also estimates the height of secondary waves (m) as a
function of distance from the vessel that are generated by the moving tow.  Using
detailed bathymetry data, the NAVEFF model was implemented for cross
sections located at each river mile in Pools 4, 8, and 13.  For each cross section,
all 108 vessel configurations were simulated for three different stage heights
(low, medium, or high) and three assumptions of vessel location in relation to the
sailing line identified on the available navigation chart (centered on the sailing
line, located on the left edge of the navigation channel, or located on the right
edge of the navigation channel).  The results for each simulation were recorded
for spatial cells (10 m wide by 0.5 mile long) parallel to the sailing line.  Each
cell was assigned a unique identification code in relation to its pool location in
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river miles and distance of its center point left or right of the sailing line (e.g.,
135R5250, 135 m right of the sailing line at River Mile 525.0).

Sediment Resuspension

Sediment resuspension by vessels passing in the vicinity of plant beds is the
second focus of the exposure analysis.  The NAVEFF model was modified
(modification called NAVSED) (Copeland et al. 1999) to include the estimation
of bed shear stresses; these stresses were used in combination with spatial
distribution of sediment types (e.g., cohesive, noncohesive) and sediment
characteristics (e.g., particle size, bulk density) to estimate sediment
resuspension by passing vessels.  The difference in physical forces generated by
upbound vs. downbound vessels is considered in the NAVEFF model
calculations.  A time series of suspended sediments was calculated for each
combination of pool stage, vessel type, and vessel location in relation to the
sailing line.  The temporal scale of each time series was -1800 to 8000 seconds
(i.e., 0.5 hour before tow passage to 2.22 hours after tow passage) with a variable
time step that averaged approximately 1 minute. 

For each spatial cell of existing or potential submerged aquatic plant habitat
within a pool (i.e., cells <1.5-m depth), a time series of daily suspended sediment
concentrations can be constructed by adding the suspended sediment time series
for the selected vessel to the portion of the monthly time line of events defined
by the selected interarrival times.  To construct this time series, the 1.5-m values
were used to calculate hourly time-averaged concentrations for a 2-hour duration
for each vessel configuration.  An hourly time step for this aggregation was
determined as a useful scaling between the 1-minute time scale of the suspended
sediment computations and the daily time step of the plant growth model. 

Example suspended sediment results are presented for the month of July,
which is the month during the growing season with the greatest traffic intensities
for Pools 4, 8, and 13.  Figures 5-7 illustrate example time series of suspended
sediments constructed for the first 48 hours of July in selected cells of ~1.5 m in
depth for Pools 4, 8, and 13.  The time series indicate a trend toward increased
suspended sediments in relation to increased traffic.  The results also
demonstrate the different ambient suspended sediment concentrations that are
input to the assessment.  These ambient values are assumed to be constant for the
month, but change from month to month for each pool.  When expanded to the
entire month (i.e., 744 hours), the sediment time series begins to demonstrate an
increase in the average suspended sediment concentrations for selected cells and
traffic scenarios with constant percentage increases (Figures 8-10).  The
magnitude of the projected concentrations for July increases from Pool 4 to 13. 
The corresponding time series were developed for each pool for the remaining
months in the May through September period of assessment.



16
Chapter 3   Analysis-Characterization of Exposure

Figure 5. A time series of suspended sediment concentrations constructed for
July 1 and 2 in selected cells of approximately 1.5 m in depth for
UMR Pool 4

Figure 6. A time series of suspended sediment concentrations constructed for
July 1 and 2 in selected cells of approximately 1.5 m in depth for
UMR Pool 8
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Figure 7. A time series of suspended sediment concentrations constructed for
July 1 and 2 in selected cells of approximately 1.5 m in depth for
UMR Pool 13
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Figure 8. A time series of suspended sediment concentrations constructed for
July in selected cells of approximately 1.5 m in depth for UMR Pool
4 for the baseline and 100% increase in traffic scenarios
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Figure 9. A time series of suspended sediment concentrations constructed for
July in selected cells of approximately 1.5 m in depth for UMR Pool
8 for the baseline and 100% increase in traffic scenarios
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Figure 10. A time series of suspended sediment concentrations constructed for
July in selected cells of approximately 1.5 m in depth for UMR Pool
13 for the baseline and 100% increase in traffic scenarios

The time series of hourly suspended sediment concentrations, which are not
influenced by daylight or darkness, for each month and pool were subsequently
“filtered” to remove the night time hours from potentially impacting the
photosynthetic response of wild celery and sago pondweed.  Daily average times
of sunrise and sunset were determined for each month and pool, and these values
were used to set the “effective” suspended sediment concentrations to zero for
the night time hours.  An effective concentration equals the suspended sediment
concentration multiplied by 1.0 for a daylight hour and zero for a night time
hour.
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Exposure Profile

The exposure profile resulting from the characterization of exposure to
passing commercial vessels consisted of two components: (1) values of current
velocity and wave heights for assessing physical breakage of plants, and (2) a
time series of effective suspended sediment concentrations used to estimate
increased light attenuation as a function of traffic intensity.

The values of current velocity and wave height were collated for all
combinations of vessel types and cells of <1.5-m depth for Pools 4, 8, and 13. 
For each pool, these values were collated as nine separate data sets for the
combinations of three stage heights and vessel locations in relation to the sailing
line (left, center, or right).

A time series of daily effective suspended sediment concentrations for each
selected cell of interest was constructed for the duration of the growing season. 
In this preliminary assessment, the series was constructed using Pool 4, 8, and 13
sediment model outputs for the combination of high stage and tow location on
the left edge of the navigation channel.  Based on the results of the NAVEFF
model calculations, these conditions of stage height and vessel sailing line
produced the greatest direct physical impacts on plants, and it was assumed that
these conditions would also lead to the most severe impacts concerning sediment
resuspension and reduced plant growth and vegetative reproduction.  

Other studies have found that greater physical damage occurs at low stage
height (Simons et al. 1981, 1988, Spence 1982).  However, the NAVSED results
for nearshore (i.e., <1.5 m) environments demonstrated that the highest values of
sediment resuspension did not always occur at low-flow conditions.  The
relationship between low-flow conditions and high sediment resuspension was
more consistently demonstrated in the vicinity of the vessel, at depths >1.5 m.
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4 Analysis-Characterization
of Ecological Effects

Quantitative relationships between the physical forces and effects of
commercial tows on submerged aquatic plants must be established in order to
estimate the ecological risks.  These �stress-response� relationships, which
emphasize the uncertainties inherent to their development, implementation, and
interpretation, provide the scientific basis for ecological risk assessment.  A rule-
based model was developed as a result of field and laboratory studies and, in
conjunction with a physical forces model [NAVEFF (Maynord 1999)],
quantitative relationships were established between waves and currents resulting
from commercial traffic and their effects on submerged aquatic plants (Figure
2).  Decreased growth and vegetative reproduction of submerged aquatic plants
due to the increase in suspended sediment concentrations resulting from
commercial traffic were quantified using two modifications of a submerged
aquatic plant growth model (Figure 3).   

Breakage of Submerged Aquatic Plants

The threshold for plant breakage was set at a current velocity of  >0.75 m/s
for the rule-based model (Figure 2).  This value is somewhat lower than a
velocity of 1.0 m/s, above which submerged aquatic plants rarely grow
(Chambers et al. 1991, Biggs 1996), but higher than 0.25 m/s found as the
breakage threshold for American wild celery and water milfoil (Myriophyllum
spicatum) by Stewart et al. (1997).  Limitations associated with the study by
Stewart et al. (1997) included the exclusive use of unidirectional waves and
currents, a limitation imposed by the test flume capabilities, and the use of
greenhouse-cultured plants, which were documented to be weaker and less
resistant to tensile breakage than field-collected plants.  Because of the
limitations associated with the Stewart et al. (1997) study, the authors of this
report felt that the value of 0.25 m/s was too low to use as the threshold value in
the rule-based model.  Therefore, the value of >0.75 m/s was selected in an
attempt to consistently bias the assumptions toward over-estimating impacts and
risks.



1 D. Soballe, U.S. Geological Survey. Environmental Management Technical Center
(EMTC), Onalaska, WI, collects and analyzes LTRMP water quality data (in addition to
other job duties).

Chapter 4   Analysis-Characterization of Ecological Effects 23

A wave height threshold of 0.2 m, at a current velocity <0.75 m/s, was set for
the rule-based model (Figure 2).  This value was chosen because, at current
velocities <0.75 m/s, waves higher than 0.2 m caused plant breakage resulting
from entanglement due to current reversals in the passing wave series (Stewart
et al. 1997).  This value is consistent with observations that vegetation density
and height is reduced at a wave height of 0.23 m (Coops and Van der Velde
1996).  Both thresholds may be modified in a future version of this risk
assessment if results using the initial version of the rule-based model indicate
that the thresholds should be modified.

Thresholds for current velocity and wave height were used as criteria for the
rule-based model used to evaluate the cells within UMR Pools 4, 8, and 13,
characterized by a mean depth of <1.5 m (each cell references a three-
dimensional location with a GIS data file that describes the bathymetry of the
pool).  These cells defined the area of existing (i.e., 1989) submerged aquatic
plant beds, previously recorded plant beds, or areas that offer habitat for future
plant beds.  The number of these cells varied across the three stage heights that
were examined. 

Decreased Growth and Vegetative Reproduction
of Submerged Aquatic Plants 

A decrease in growth and vegetative reproduction of submerged aquatic
plants resulting from increased commercial traffic may occur due to a decrease
in light availability within the water column as a consequence of increased
suspended sediment concentrations.  The frequency, duration, and magnitude of
the increase in the suspended sediment concentration above the background,
ambient concentration is important, because all of these factors decrease the
daily light available to submerged aquatic plants.  The GIS coverage of potential
submerged aquatic plant habitat (i.e., Appendix A) was compared with a GIS
coverage of sediment types to determine areas of the river system where
submerged aquatic plants may be at risk of decreased growth and vegetative
reproduction resulting from increased suspended sediment concentrations due to
a passing commercial tow (Figure 3).  

To calculate an increase in the light extinction coefficient resulting from the
increase in the suspended sediment concentration, suspended sediment concen-
trations are converted into Secchi depth (m) measurements using regressions
(pool and month specific) fitted to LTRMP data from Pools 4, 8, and 13 of the
UMR (by Soballe, EMTC)1 (Table 4).  Mean initial or ambient suspended sedi-
ment concentrations and Secchi depth (m) measurements were obtained from the
LTRMP of the UMR Trend Pools where submerged aquatic plants are known to
occur (Pools 4, 8, and 13).  Monthly data (1991 through 1996) from main 
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Table 4
Regression Equations for the LTRMP Trend Pools That
Characterize the Relationship Between Secchi Depth and Total
Suspended Sediment Concentration1

Month Regression Equation

UMR Pool 4

May Log10(Secchi depth in cm) = 2.33 - 0.401[Log10(total suspended sediment conc.
in mg/l)]

June Log10(Secchi depth in cm) = 2.48 - 0.539[Log10(total suspended sediment conc.
in mg/l)]

July Log10(Secchi depth in cm) = 2.44 - 0.535[Log10(total suspended sediment conc.
in mg/l)]

August Log10(Secchi depth in cm) = 2.45 - 0.541[Log10(total suspended sediment conc.
in mg/l)]

September Log10(Secchi depth in cm) = 2.46 - 0.566[Log10(total suspended sediment conc.
in mg/l)]

UMR Pool 8

May Log10(Secchi depth in cm) = 2.26 - 0.358[Log10(total suspended sediment conc.
in mg/l)]

June Log10(Secchi depth in cm) = 2.65 - 0.706[Log10(total suspended sediment conc.
in mg/l)]

July Log10(Secchi depth in cm) = 2.43 - 0.558[Log10(total suspended sediment conc.
in mg/l)]

August Log10(Secchi depth in cm) = 2.32 - 0.456[Log10(total suspended sediment conc.
in mg/l)]

September Log10(Secchi depth in cm) = 2.43 - 0.541[Log10(total suspended sediment conc.
in mg/l)]

UMR Pool 13

May Log10(Secchi depth in cm) = 2.75 - 0.659[Log10(total suspended sediment conc.
in mg/l)]

June Log10(Secchi depth in cm) = 2.37 - 0.497[Log10(total suspended sediment conc.
in mg/l)]

July Log10(Secchi depth in cm) = 2.38 - 0.497[Log10(total suspended sediment conc.
in mg/l)]

August Log10(Secchi depth in cm) = 2.46 - 0.538[Log10(total suspended sediment conc.
in mg/l)]

September Log10(Secchi depth in cm) = 2.39 - 0.498[Log10(total suspended sediment conc.
in mg/l)]

1 These equations form the first step in calculating the change in light extinction caused by
increased suspended sediment concentrations resulting from increased commercial traffic (see
Figure 3)

channel sites in Pools 4, 8, and 13 were summarized by Soballe (Table 5). 
Ambient conditions were summarized for the entire year for use as input into the
plant growth models (Table 5).  The plant growth models simulate each day for
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Table 5
Initial, Ambient Conditions in the LTRMP Trend Pools and Light
Extinction Coefficients Derived from Monthly Secchi Depth
Measurements for Main Channel Sites from 1991-1996

Month

Mean Suspended
Sediment
Concentration (mg/l)

Mean Secchi Depth
(m)

Light Extinction
Coefficient (/m)
[1.65/Secchi Depth
(m), Giesen et al.
1990]

UMR Pool 4

May 27.0 0.63 2.619

June 31.0 0.59 2.796

July 32.0 0.55 3.000

August 29.0 0.57 2.895

September 30.0 0.52 3.173

UMR Pool 8

May 20.0 0.50 3.300

June 30.0 0.46 3.587

July 27.0 0.43 3.837

August 19.0 0.45 3.667

September 20.0 0.49 3.367

UMR Pool 13

May 76.0 0.37 4.459

June 56.0 0.36 4.583

July 53.0 0.37 4.459

August 47.0 0.39 4.231

September 46.0 0.39 4.231

an entire year; however, the impacts on plant growth and vegetative reproduction
are only simulated for the growing season (May 1 through September 30) during
this annual time period.  

In each case, Secchi depth was converted into a light extinction coefficient
using the relationship developed by Giesen et al. (1990) (Figure 3).  This
relationship, light extinction (m-1) = 1.65/Secchi depth (m), was chosen since it
appears valid for turbid, shallow water with a Secchi depth range of 0.5-2.0 m,
similar to conditions found in the UMR-IWW System. 

Initial simulations using the plant growth models selected for this risk
assessment were performed for Pools 4, 8, and 13 of the UMR.  Ambient light
extinction coefficients calculated from the LTRMP data (Table 4) and weather
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data from the Minneapolis/St. Paul, Minnesota, airport (10-year average, 1985-
1994) for Pool 4, from the La Crosse, Wisconsin, airport (30-year daily average,
1961-1990) for Pool 8, and from the Moline, Illinois, airport (30-year daily
average, 1961-1990) for Pool 13 were used to quantify submerged aquatic plant
growth and vegetative reproduction under ambient conditions.  Output variables
that best describe submerged aquatic plant growth and vegetative reproduction
for this ecological risk assessment include the total live plant dry weight
(excluding tubers, TGW), the total biomass (living + dead plant dry weight
excluding tubers, TW), the number of dormant tubers (NDTUB), and the
biomass or total dry weight of dormant tubers (TWTUB) (Table B1 in
Appendix B). 

Submerged aquatic plant growth model review

Available submerged aquatic plant simulation models were reviewed for use
in this ecological risk assessment (Table 6).  Additional plant models, not
included in Table 6, were reviewed and found not to be appropriate for this risk
assessment; consequently, these were not included in the statistical analyses
(Ikusima 1970, Ondok and Gloser 1978, Weber et al. 1981, Laing and Browse
1985, Madsen and Adams 1989, Knight 1992).  A statistical cluster analysis and
principal factor analysis were performed to determine the similarities and
differences between the submerged aquatic plant models.  These analyses helped
identify models that could be used in  this ecological risk assessment.  The state
variables and model components used to classify these models for the cluster
analysis and principal factor analysis are presented in Table 7.  A state variable
with the value of �0� indicates that the model does not contain that particular
model attribute, while a variable with the value of �1� indicates that the model
includes it.  All state variables were used in both analyses.

Results of the cluster analysis are depicted by the dendrogram presented in
Figure 11.  The results indicate that Models 2 and 6, Models 1 and 5, and
Models 4 and 10 are the most closely related, respectively.  Models 1, 5, 2, 6, 12,
4, and 10, Models 3 and 13, and Models 7 and 8 fall out into similar groups. 
Models 9 and 11 are most dissimilar to the other models.

Results of the principal factor analysis are presented in Table 8 and illustrated
in Figure 12.  In the figure, distant points have rays which are displayed in grey
while points that are near have rays which appear in black.  The results of the
principal factor analysis suggest that Models 1, 6, and 12, Models 2 and 3, and
Models 4 and 10 are closely related.  Models 7 and 8 also appear to be related. 
Model 9 is the most different from the other models.  

Based on the results of these analyses and many discussions during
workshops and meetings, the submerged aquatic plant growth model developed
by Best and Boyd (1996) and Boyd and Best (1996) (Model 2) was selected to
serve as the prototype in the Navigation Study Submerged Aquatic Plant
Ecological Risk Assessment.  The model, originally developed for hydrilla, was
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modified for sago pondweed and American wild celery, respectively.  Both
models are summarized in the sections below.

Table 6
Summary of Reviewed Submerged Aquatic Plant Growth Models

Model Output Species Reference

Number Assigned
for Statistical
Analysis

Biomass, carbon flow Ceratophyllum
demersum

Best 1981 1

Biomass, carbon flow Hydrilla verticillata Best and Boyd 1996,
Boyd and Best 1996

2

Biomass, carbon flow Generic Best and Jacobs
1990

3

Biomass, nutrient (C,
N, P) flow

Hydrilla verticillata,
Myriophyllum
spicatum

Collins et al. 1985,
Collins and Wlosinski
1989

4

Biomass, carbon flow Potamogeton
pectinatus

Hootsmans 1991 5

Biomass, carbon flow Hydrilla verticillata Lips 1985 6

Carbon flow, oxygen,
CO2, and HCO3

-

exchange

Elodea canadensis Ondok et al. 1984 7

Oxygen flow Egeria densa,
Lagorosiphon major

Rutherford 1977 8

Biomass Generic Scheffer et al. 1993 9

Biomass, carbon flow Myriophyllum
spicatum

Titus et al. 1975 10

Oxygen exchange Potamogeton
pectinatus

Westlake 1966 11

Biomass, carbon flow Submerged phases
of Juncus bulbosus,
Littorella uniflora

Wortelboer 1990 12

Biomass, oxygen flow Generic Wright and
McDonnell 1986

13



28
Chapter 4   Analysis-Characterization of Ecological Effects

Table 7
State Variables and Model Components Used in the Submerged Aquatic Plant
Model Cluster Analysis and Principal Factor Analysis
Model 1 2 3 4 5 6 7 8 9 10 11 12 13

Plant Growth

Whole plant 1 1 1 1 1 1 1 0 1 1 0 1 1

Leaves 0 1 1 0 0 1 0 0 0 1 0 1 0

Stems 0 1 1 0 0 1 0 0 0 1 0 0 0

Shoot/root ratio 1 1 1 0 1 1 0 0 1 0 0 0 0

Roots/tubers 0 1 1 0 1 1 0 0 1 1 0 1 0

Photosynthesis 1 1 1 1 1 1 1 1 1 1 1 1 1

Development phase 0 1 1 0 0 0 0 0 0 0 0 0 0

Biomass 1 1 1 1 1 1 0 1 1 1 0 1 1

Plant Reproduction

Sexual 0 0 0 0 0 0 0 0 0 0 0 0 0

Asexual 0 1 1 0 0 1 0 0 1 0 0 0 0

Wintering strategy 0 1 0 0 0 0 0 0 1 0 0 0 0

Maintenance Costs

Respiration 1 1 1 1 1 1 1 1 1 1 1 1 1

Photorespiration 0 0 0 1 0 0 0 0 0 1 0 0 0

Excretion/leaching 0 0 0 1 0 1 0 0 0 1 0 0 0

Nonpredatory mortality 1 1 1 1 1 1 1 0 1 1 0 1 1

Photoinhibition 0 0 0 1 0 0 0 0 0 0 0 0 0

Environmental Data

Surface light intensity 1 1 1 1 1 1 1 1 1 1 1 1 1

Self-shading 1 1 1 1 1 1 0 0 1 1 1 1 1

Other light field data 0 1 1 1 1 1 0 0 1 1 1 1 1

Latitude, day length, etc. 0 1 1 0 1 1 1 1 0 0 0 1 1

Nutrients (other than carbon) 0 0 0 1 0 0 0 0 0 0 0 1 1

Carbon supply 1 1 1 1 0 1 1 0 0 1 0 1 0

Water and/or air temperature 1 1 1 1 1 1 1 1 1 1 1 1 1

Turbidity 1 1 1 1 1 0 0 0 1 1 1 0 1

Current velocity/wave action 0 0 0 0 1 0 0 1 1 0 0 0 1

Note: �0" indicates model does not contain that particular model attribute.  �I� indicates model includes it.
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Table 7 (Continued)
Model 1 2 3 4 5 6 7 8 9 10 11 12 13

Spatial Scale

Specified area 0 0 0 0 0 1 0 1 0 1 0 1 1

Spatially explicit 1 1 1 1 1 1 1 1 1 1 1 0 1

Temporal Scale-Duration

Day 0 0 0 0 0 0 1 1 1 0 1 0 0

Week 0 0 0 0 0 0 1 0 0 0 0 0 0

Month 0 0 0 0 0 0 1 0 0 1 0 0 1

Annual 1 1 1 1 1 1 0 0 1 1 0 1 1

>Annual 0 1 0 0 1 0 0 0 1 0 0 1 0

Temporal Scale-Resolution

Minute 0 0 0 0 0 0 0 0 0 0 1 0 0

Hour 0 0 0 1 0 0 1 1 0 0 1 0 0

Day 1 1 1 1 1 1 0 0 1 1 0 1 1

>Day 1 1 1 1 1 1 0 0 1 1 0 1 0

Previous Application-Systems

Lakes 1 1 1 1 1 1 0 0 1 1 0 1 0

Larger rivers 0 0 0 0 0 0 0 1 0 0 0 0 0

Streams 0 0 1 0 0 0 0 0 0 0 1 0 1

Previous Application-Plant Species

Generic 0 0 1 0 0 0 0 0 1 0 0 0 1

Species-specific 1 1 0 1 1 1 1 1 1 1 1 1 0

Sago Pondweed 0 0 0 0 1 0 0 0 1 0 1 0 0

Wild Celery 0 0 0 0 0 0 0 0 0 0 0 0 0

Previous Model Testing

Calibrated 1 1 1 1 1 1 1 1 1 1 1 1 1

Model:data comparisons 1 1 0 1 1 1 1 1 1 1 1 1 1

Sensitivity/uncertainty analysis 0 1 0 0 1 1 0 1 1 0 0 0 1

Model Type

Deterministic 1 1 1 1 1 1 0 1 0 1 1 1 1

Statistical/regression type 0 0 0 0 0 0 1 1 0 0 0 0 0

Stochastic 0 0 0 0 0 0 0 0 1 0 0 0 0

Process/mechanistic 1 1 1 1 1 1 1 1 1 1 1 1 1
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Figure 11. The dendrogram that summarizes the results of the submerged aquatic plant model cluster
analysis
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Table 8
Results of the Submerged Aquatic Plant Model Principal Factor
Analysis

Model Rotated Factor Pattern Communalities

1 0.3644318 -0.151082 0.1958219 0.19398

2 0.3340455 0.0332848 0.2672137 0.18410

3 0.3401582 0.0759461 0.1961758 0.15996

4 0.3704532 -0.191447 0.0134951 0.17407

5 0.2305636 -0.120852 0.3842616 0.21542

6 0.4016443 -0.02568 0.1511217 0.18482

7 0.0751550 -0.374849 -0.088486 0.15399

8 0.0022896 -0.397053 0.0785064 0.16382

9 0.0837724 -0.045675 0.4320853 0.19580

10 0.4401282 -0.0716 0.0233599 0.19939

11 0.0454178 -0.342629 0.1252170 0.13514

12 0.3915137 -0.071878 0.1140348 0.17145

13 0.1758623 -0.206988 0.2006968 0.11405

Rotation Matrix

0.80870 -0.31421 0.49727

-0.27782 -0.94917 -0.14795

-0.51848 0.01850 0.85489
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Figure 12. Results of a principal factor analysis of the submerged aquatic plant
models
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Plant growth model descriptions

Two simulation models, developed for sago pondweed and American wild
celery, both representative submerged aquatic plant species common in the
UMR, are summarized below.  The model for American wild celery is referred
to as �VALLA� and the model for sago pondweed as �POTAM.�  Both models
have been developed after a published prototype pertaining to hydrilla and focus
on processes of carbon transfer between the plants and their environment. 
Nutrient relations have not yet been incorporated into these models due to lack
of evidence for nutrient limitation in the water bodies concerned (Best and Boyd
1996, Boyd and Best 1996).  These models are published elsewhere (Best and
Boyd 2000a, 2000b, 2000c, 2000d); their parameters are listed in Tables B4 and
B5. 

Both species are rooted, tuber-forming, submerged aquatic plants native to
the U.S. and have similar, important phases in their phenological cycles. 
However, they differ greatly in their geographical distribution and in their
growth habits in terms of the vertical distribution of biomass within the water
column.  American wild celery occurs typically in relatively clear and cool,
fresh, alkaline, or brackish waters of ponds, rivers, and estuaries.  It occurs from
Nova Scotia to northern parts of Mexico.  Sago pondweed is common in fresh,
alkaline, or saline waters of ponds, rivers, marshes, and ocean shores.  It occurs
from Newfoundland to South America, in Africa, and in parts of Asia.  Sago
pondweed can have over 60% of its biomass located in the upper third of the
water column, where it forms a canopy-like cover near or at the water surface. 
In contrast to sago pondweed, wild celery has a basal rosette of leaves which
may extend to the water surface but does not form a canopy.  Canopy formation
can be viewed as an optimum growth form for submerged aquatic plants on the
basis of maximizing carbon gain in relation to light availability. 

The models can be used to quantify the impacts of changes in important
environmental factors on the dynamics of populations of submerged aquatic
plant species, distinguished on the basis of their phenology and morphology. 
The effects on the following environmental factors can be tested: climate (site
irradiance and air temperature), water depth, transparency, temperature, and
wave action (removal of shoot biomass from water surface to a given water
depth).  Each model is equipped with input files containing plant characteristics
and environmental conditions that can be changed by the user.  Numeric model
output is provided and can be easily viewed within a user-friendly shell, which
provides graphical output.  The models are currently in the process of being
published, and executable programs of the FORTRAN files and user manuals are
available (Best and Boyd 2000a, 2000b, 2000c, 2000d). 

The models simulate growth of a monotypic (single species) submerged
aquatic plant community, including roots and tubers.  The modeled rate of dry
matter accumulation is a function of irradiance, temperature, CO2 availability,
and plant characteristics.  The rate of CO2 assimilation (photosynthesis) of the
plant community depends on the radiant energy absorbed by the shoots, which is
a function of incident radiation, reflection at the water surface, attenuation by the
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water column, attenuation by the plant material, and leaf area of the community. 
The daily rate of gross CO2 assimilation of the plant community is calculated as
a function of the absorbed radiation, the photosynthetic characteristics of
individual shoot tips, and the pH-determined CO2 availability.

A fraction of the carbohydrates assimilated is allocated to maintain the
existing plant biomass.  The remaining carbohydrates are converted into
structural dry matter (e.g., plant organs).  In the process of conversion, part of
the mass is lost in respiration.  The dry matter produced is partitioned among the
various plant organs using partitioning factors defined as a function of the
phenological cycle of the species.  The dry mass of the plant organs is obtained
by integration of their growth rates over time.  The plant species winter either as
a system composed of rooted plants and subterranean tubers, or as tubers alone. 
Environmental factors and plant growth characteristics vary with depth;
therefore, the model partitions the water column and the associated growth-
related processes into 0.1-m depth classes.  All calculations are performed on a
m2 basis.

The models are equipped with input files in which standard physiological
properties, initial plant and tuber biomass, and water temperature are given. 
These input files can easily be changed by the user to apply to the study site. 
The models run at daily time steps for periods of one to five years.

Development and Phenological Cycle.  The phenology of the plant
community is an ordered sequence of processes which take place over a period
of time, punctuated by more or less discrete phenological events.  The rate of
phenological development is modeled as a function of temperature based on the
degree-day hypothesis (Thornley and Johnson 1990a).  Calibration according to
this hypothesis allows for use of the model for the same plant species at other
sites differing in temperature regimes.  The relationships between the
development phase, the day-of-year, and the 3 EC temperature sum for a
temperate climate are presented in Table B2 for wild celery and in Table B3 for
sago pondweed.  

Wintering, Sprouting of Tubers, and Growth of Sprouts to the Water
Surface.  Plant growth is initiated at a certain developmental phase, and a fixed
number of plants develop through conversion of carbohydrates from hibernating
tubers into plant material.  The developmental phase and the plant density are
species-specific (Tables B2 and B3).  Plant density is presumed to be constant
throughout the year.  This presumption is based on estimates of density of
adolescent plants in the field, which indicate narrow density ranges for both
species (Titus and Stephens 1983, Doyle 1999, Sher Kaul et al. 1995).  It is
possible that late in the growing season density increases somewhat through
emergence of rosettes or shoots from stolons, but the role of these organs in
biomass production and population survival is deemed negligible due to their
low carbon gain (shaded by neighbor plants) and absence or  low production of
small-sized tubers.  Small-sized tubers have low survival value for both species. 
The dormant period of the tubers appears to be far shorter in sago pondweed
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than in wild celery, providing a relatively longer period for new plant
establishment for sago pondweed.  Plant density for both species is 30 plants m-2

(Tables B4 and B5).  Remobilization proceeds until a lower biomass limit is
reached, equaling 10% of dry mass per tuber.  Given the initial tuber mass,
sprouts can only elongate a certain distance on these reserves.  If net
photosynthesis after this elongation period is negative for 23 days in wild celery
or for 27 consecutive days in sago pondweed , the sprouts are presumed to die. 
The next tuber class can sprout subsequently, provided floral initiation has not
yet been reached and temperature is within a range of 5-25 EC in wild celery and
5-28 EC in sago pondweed.  In the elongation phase, shoot biomass is distributed
equally over the successive 0.1-m depth layers, with each layer growing after the
preceding layer achieves a minimum shoot biomass.  After reaching maximum
shoot height [water surface or <1.2 m for wild celery, water surface for sago
pondweed (Best and Boyd 1996, 2000a, 2000c)], biomass is distributed
following the species-specific spatial distribution (pyramid-type in wild celery,
umbrella-type in sago pondweed).  A relational diagram illustrating wintering
and sprouting of tubers is presented in Figure 13.

Light, Photosynthesis, and Growth.  The measured daily total irradiance
(wavelengths of 300-3000 nm) and the maximum/minimum temperatures of the
site are used as input for the model in the form of a separate weather data file. 
Only half of the irradiance reaching the water surface is presumed to be
photosynthetically active radiation (PAR), and 6% of the remaining PAR is
presumed to be reflected by the water surface (Best and Boyd 1996, Boyd and
Best 1996).

In the models, daily irradiance within the water column is attenuated
following the Lambert-Beer law.  Although subsurface irradiance is attenuated
by both color and particles within the water column, no distinction between
either of these factors has been made, and one site-specific light extinction
coefficient accounts for subsurface attenuation.  The vertical profiles of light
within the vegetation layers also are characterized, and the light absorbed by
each horizontal vegetation layer is derived using these profiles.  The plant
community-specific extinction coefficient, K, is assumed to be constant
throughout the year and is 0.0235 m2 g DW-1 for wild celery (Titus and Adams
1979a) and 0.095 m2 g DW-1 for sago pondweed (Best 1987). 

Instantaneous gross photosynthesis (FGL expressed in g CO2  m-2  h-1) in the
models depends on the standing crop per depth layer i (SCi in g DW m-2 layer -1),
the photosynthesis light response of individual shoot apices at ambient
temperature (AMAX  in g CO2 g DW-1 h-1), the initial light use efficiency (EE in
g CO2 J-1 absorbed), the absorbed light energy (IABSL in J m-2 s-1), and
temperature (AMTMPT).  The photosynthesis light response of leaves is
described by the following exponential function.

FGL  =  SCi  AMAX  (1 - exp [- EE  IABSLi  3600/ AMAX SCi]) (1)
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Figure 13. A relational diagram illustrating wintering and sprouting of tubers in
the tuber bank
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For photosynthetic activity at light saturation and optimum temperature
(AMX), the values of 0.0165 g CO2 g DW-1 h-1 for wild celery (Titus and Adams
1979a) and 0.019 g CO2 g DW-1 h-1 for sago pondweed (Van der Bijl et al. 1989)
were used.  The photosynthetic activity at ambient temperature (AMAX) is
calculated proportionally from that at optimum temperature using a relative
function fitted to data for wild celery (Titus and Adams 1979a) and sago
pondweed (Best 1987).  For photosynthetic light use efficiency (EE), a value of
11 x 10-6 g CO2 J-1, typical for C3 plants, is used (Penning de Vries and Van Laar
1982a).  Substituting the appropriate value for the absorbed PAR yields the
assimilation rate for each specific shoot layer. 

The instantaneous rate of gross assimilation over the height of the vegetation
is calculated by relating the assimilation rate per layer to the community-specific
biomass distribution and by subsequent integration of all 0.1-m-high vegetation
layers.  The daily rate of gross assimilation is calculated by using a 3-point
Gaussian integration method (Goudriaan 1986, Spitters 1986).

Maintenance costs are calculated based on the chemical composition
characteristic for the plant organs, ranging from  0.010 to 0.016 g CH2O g
AFDW-1 (Penning de Vries and Van Laar 1982b).  Maintenance costs for the
dormant tubers are negligible.  A temperature increase of 10 oC is assumed to
increase maintenance respiration by a factor of about 2 (with a reference
temperature of 30 oC) (Penning de Vries and Van Laar 1982b). 

Assimilates in excess of maintenance costs are converted into structural plant
material.  Growth efficiency and concomitant CO2 evolution (=growth
respiration) are accounted for using the assimilate requirement for growth.  The
assimilates required to produce one unit weight of plant organ are calculated
from its chemical composition, and typical values are 1.46 g CH2O g DW-1 for
leaves, 1.51 for stems, and 1.44 for roots (Penning de Vries and Van Laar 1982b,
Griffin 1994).

As summarized in Equation 2 below, plant growth (GTW expressed as g
DW m-2 d-1)  equals remobilized carbohydrates (REMOB in g DW m-2  d-1,
converted to g CH2O m-2 d-1 by multiplication with CVT, a conversion factor of
translocated dry matter into glucose) augmented with gross photosynthesis
(GPHOT) and decreased by downward translocation (TRANS1) and maintenance
respiration (MAINT), all expressed as g CH2O m-2 d-1, divided by the assimilate
requirement for plant biomass production (ASRQ, expressed as g CH2O g DW-1). 

GTW  =  ((REMOB . CVT) + (GPHOT - TRANS1 - MAINT) / ASRQ (2)

The assimilate allocation pattern in plants (excluding tubers) is proportional
to the biomass distribution pattern and depends on the physiological age.  The
typical patterns are followed when shoots have reached their maximum height
and are 72% to leaves, 16% to stems, and 12% to roots in wild celery (Haller



38
Chapter 4   Analysis-Characterization of Ecological Effects

1974, Titus and Stephens 1983), and 73% of the total to leaves, 18% to stems,
and 9% to roots in sago pondweed (Best 1987).

The vertical shoot biomass distribution within the water column follows
typical patterns, being pyramid-shaped in wild celery with 78% of the shoot
biomass in the lower 0.5 m of the water column (Titus and Adams 1979a), and
umbrella-shaped in sago pondweed with 78% of the shoot biomass in the upper
0.5 m of the water column (Best 1987).  This entails the distribution of shoot
biomass in the upper (sago pondweed) or lower (wild celery) five 0.1-m
vegetation layers according to a specific fitted function (DMPC) based on the
respective species-specific shapes, followed by equal distribution of the
remaining biomass over the remaining 0.1-m layers up to a total biomass share
of 5% per layer and proportional distribution of the then-remaining biomass over
all 0.1-m vegetation layers.  A species-specific share of total biomass is
allocated to the roots presumed to be situated in the upper 0.1 m of the sediment
layer.  The vertical biomass distribution pattern is recalculated and redistributed
by the models when a rooting (= water) depth other than the nominal one is
chosen.  A relational diagram illustrating photosynthesis, respiration, and
biomass formation is presented in Figure 14.

Flowering, Translocation, Tuber Formation, and Senescence.  Flowering
affects metabolic activity of the modeled plants by initiating substantial
downward translocation of assimilates to form tubers in both sago pondweed and
wild celery.  Translocation and tuber formation have been formulated similarly
for both species, but the parameter values are species-specific.  In wild celery,
translocation occurs after flowering is initiated, at a day length <14.7 hours
(Titus and Stephens 1983, Donnermeyer and Smart 1985), and at a temperature
between 5 and 25 oC (Donnermeyer and Smart 1985).  Wild celery tubers grow
with a maximal rate of 24.7% of net production per day (Donnermeyer and
Smart 1985).  Translocation continues as long as plant biomass is greater than 0. 
In sago pondweed, translocation occurs after flowering is initiated, at a day
length <16 hours (Best 1987), and at a temperature between 5 and 28 0C (Van
Vierssen et al. 1994).  Sago pondweed tubers grow at a maximal rate of 19% of
net production per day (Wetzel and Neckles 1986, Best 1987), with remaining
assimilates available for other processes.

Tuber production is based on the hypothesis that plants produce the largest
possible tubers at their ambient light levels, because large tubers have the largest
potential to survive future adverse low temperatures, low irradiance, and a short
growth season.  This hypothesis is supported by field data on sago pondweed
(Van Dijk et al. 1992) and experimental data on sago pondweed and wild celery
(Doyle 1999).  The variation in tuber size found in the field is attributed to the
inability of the plants to complete the last tuber class with such a large tuber size
of the season.  In the models, after reaching a given tuber size, all concurrently
initiated tubers of that �class� are added to  the tuber bank, and a new tuber class
is initiated. A fixed, linear relationship was found in both species, indicating that
the tuber number concurrently initiated increases with tuber size, with a larger
range for sago pondweed than for wild celery (Figure 15).
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Figure 14. A relational diagram illustrating photosynthesis, respiration, and
biomass formation

Senescence is modeled by defining a death rate as a certain fraction of plant
biomass per day when the conditions for growth deteriorate. The timing and the
values of relative death rates for plants have been derived from field
observations on shoot biomass for wild celery by Titus and Stephens (1983) and
for sago pondweed by Best (1987).  The timing was found by running the model
repeatedly with different development rates and different base and reference
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Figure 15. The relationship between tuber number concurrently initiated per plant and tuber size for
sago pondweed and wild celery (Donnermeyer and Smart 1985, Spencer and Anderson
1987)

temperatures, until a realistic timing of decreasing shoot biomass occurred.
Values for the relative death rate were found by applying the same differential
equation that is commonly used for simple exponential growth to describe
exponential decrease in biomass after flowering, with a negative specific de-
crease rate (Hunt 1982, Thornley and Johnson 1990b).  Following this approach,
relative death rates of 0.021 g DW g DW-1 d-1 for wild celery and 0.047 g DW g
DW-1 d-1 for sago pondweed were calculated.  The timing and values of the
relative death rates for the tubers have been derived similarly from published
data on tuber bank dynamics (Titus and Stephens 1983, Van Wijk 1989). 
Figure 16 illustrates translocation, tuber formation, and senescence in the
models.

Plant growth model simulations performed for model calibration
and validation

Several simulation experiments were performed to evaluate the utility of the
plant growth models for this risk assessment; three examples will be discussed
below.  VALLA was used to simulate changes in biomass and tubers of wild
celery, and POTAM was used to simulate those of sago pondweed plant com-
munities.  Parameter values used in calibration of VALLA and POTAM are
listed in Tables B4 and B5.  The first example consists of the results of calibra-
tion and allows for the comparison with measured biomass data.  The second
example illustrates model performance using the same physiological parameter
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Figure 16. A relational diagram illustrating translocation, tuber formation, and
senescence

values as input but with weather data from a different location (latitude). 
Weather data for the second example are from Minneapolis/St. Paul, Minnesota,
representative for the UMR (10-year average, 1985-94).  The third example
illustrates the effects of water transparency values, representative for Pool 4 of
the UMR (5-year average; 1991-96, growth season values only) on plant
biomass and tuber formation, using the same Minneapolis/St. Paul weather data
as for the second example. 
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Figure 17. The simulated biomass of plants, dormant and new tuber numbers, and measured plant
biomass of a wild celery community in Chenango Lake, New York.  Field data from Titus and
Stephens (1983); climatological data pertaining to Binghamton, New York, 1987; longitude
75E50'E, latitude 42E15'N; water depth 1.4 m; light extinction coefficient 0.43 m-1

Wild Celery.  The simulated plant biomass of wild celery was similar to that
found in Chenango Lake, New York in 1983 (Titus and Stephens 1983)
(Figure 17).  Peak biomass occurred at the same time and was somewhat lower
in the simulation than actually measured, possibly as an artifact of the rather low
frequency of field measurements.  The simulated tuber number was well within
the measured tuber number range. 

Using the same parameter values as input for a simulation of biomass
dynamics in the UMR, located at a higher latitude than Chenango Lake, model
simulations yielded higher plant biomass and tuber numbers (three instead of
two tuber classes were completed), largely as a consequence of higher irradiance
(Figure 18).  Extending the duration of the simulation to two years indicated
that, in such conditions, a stable population could exist, with the end-of-year
tuber numbers equaling 267 m-2.

A simulation of a wild celery community at a more shallow rooting depth of
1 m, but at water transparency values representative of Pool 4 of the UMR,
indicated that these environmental conditions inhibit biomass and tuber
production to such an extent that the population becomes extinct after one year. 
Extinction in this case means that the population is not capable of completing
any tuber class, because the plant biomass itself is very low.  However, a lower
tuber density of 10 m-2 allowed larger individual plants to develop, due to less
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Figure 18. The simulated biomass of plants, dormant tuber numbers, and new tuber numbers of a wild
celery community in the UMR.  The same parameter values as those in Figure 17 are used. 
Climatological data pertaining to St. Paul, Minnesota, 10-year average (1985-1994);
longitude 93EE, latitude 45EN; water depth 1.4 m; light extinction coefficient 0.43 m-1

self-shading.  The latter plants were able to complete a tuber class composed of a
lower number and lighter tubers (3.3 tubers of 0.06 g DW per plant) and, in
doing so, increased the tuber bank density.  Although smaller tubers are less
likely to give rise to viable new shoots in deep, turbid water, they may generate
viable plants under temporary clear-water conditions at the same rooting depth
or under the pertinent turbid water conditions at a more shallow rooting depth. 
Smaller tubers can, therefore, still be important for system-wide persistence (in
contrast to local persistence) of a population in a given water body.  At a more
shallow depth of 0.5 m, substantial biomass and tuber formation proved
possible, with two tuber classes being completed and an end-of-year tuber
number of 134 m-2 (Figure 19).

Although the simulated plant biomass production was substantial at a rooting
depth between 0.5 and 1.0 m, it was considerably less than reported for a depth
range of  0.5 to 1.3 m with a minimum of 0.3 m in Pool 9 of the UMR
(Donnermeyer and Smart 1985).  At the shallow depth of 0.5 m, there may be
too much uprooting by wave exposure to permit permanent plant establishment. 
However, the simulated biomass for the minimum rooting depth of 0.3 m was
within the reported range (105 g DW m-2), and five tuber classes were
completed, confirming similarity between simulated and measured biomass data. 

Wild celery tubers, as well as sago pondweed tubers, are an important food
source for waterfowl, such as canvasback ducks (Korschgen et al. 1988), and
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Figure 19. The simulated biomass of plants, dormant tuber numbers, and new tuber numbers of a wild
celery community in UMR Pool 4.  The same parameter values as those in Figure 17 are
used.  Climatological data pertaining to St. Paul, Minnesota, 10-year average (1985-1994);
longitude 93EE, latitude 45EN; water depth 0.5 m; light extinction coefficient 2.0-3.173 m-1

(5-year average UMR Pool 4, 1991-1996)

herbivory may significantly reduce tuber bank density.  A simulation starting
from an initial, reduced, dormant tuber density of 10 tubers m-2 indicated that
wild celery behaves similar to sago pondweed under these conditions: relatively
heavier plants are formed due to decreased self-shading, and the equilibrium
tuber density is gradually restored over the years.

Sago Pondweed.  The simulated plant biomass of sago pondweed was
similar to that found in the Zandvoort Canals, The Netherlands, in 1987 (Best
1987) (Figure 20).  Peak biomass occurred somewhat later and was higher in the
simulation than measured values, possibly as an artifact of the rather low
frequency of field measurements.  The simulated tuber number was well within
the measured tuber number range; the end-of-year tuber number was 64 m-2. 

Using the same parameter values as input for a simulation of biomass
dynamics in the UMR, located at a lower latitude than Zandvoort, yielded a
somewhat higher plant biomass and far higher tuber numbers than in Zandvoort
(Best 1987) (Figure 21).  The higher tuber numbers were largely attributed to the
higher irradiance and considerably longer window for tuber formation in the
UMR.  Extending the duration of the simulation to two years indicated that, in
such conditions, a stable population could exist, with the end-of-year tuber
numbers equaling 130 tubers m-2.  
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Figure 20. The simulated biomass of plants, dormant and new tuber numbers, and measured plant
biomass of a sago pondweed community in Zandvoort Canals, The Netherlands.  Field data
from Best (1987); climatological data pertaining to De Bilt, The Netherlands, 1987; longitude
5E11'E, latitude 52E6'N; water depth 1.3 m; light extinction coefficient 1.07 m-1

Simulation of a sago pondweed community at a more shallow rooting depth
of 1 m, but at water transparency values representative of Pool 4 of the UMR,
indicated that biomass and tuber production are inhibited under these
environmental conditions, since lower values were computed (Figure 22).  Only
two tuber classes were completed in this case, where formerly three tuber classes
were produced in the less turbid, but deeper, water.  However, by extending the
duration of the simulation to two years, it was observed that this plant population
also was stable, with tuber numbers equaling 62 tubers at the end of the year. 
Sago pondweed data relevant to the UMR are not available; therefore,
comparisons between simulated and measured data were not possible.

Conditions that could endanger the persistence of sago pondweed populations
in the UMR were investigated by performing various simulations using
POTAM.  An increase in the light extinction coefficient of the water column to
3.0 m-1 during the whole year combined with weather data of a cold year (1992)
caused a relatively small decrease in peak biomass.  However, these conditions
allowed only one tuber class to be completed. Nevertheless, although the end-of-
year tuber numbers were relatively low (37 m-2) (Table B5), the population was
still viable.  Sago pondweed tubers are a popular food source for waterfowl, and
an already sparse population of 37 tubers can easily be cropped to 10 m-2 (Bick
and Van Schaik 1980, Dirksen 1982).  Herbivory could effectively eliminate the
diminished population.  However, running POTAM with an initial tuber density
of 10 m-2 demonstrates that more biomass per plant was formed due to less
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Figure 21. The simulated biomass of plants, dormant tuber numbers, and new tuber numbers of a sago
pondweed community in the UMR.  The same parameter values as in Figure 20 are used. 
Climatological data pertaining to St. Paul, Minnesota, 10-year average (1985-1994);
longitude 93EE, latitude 45EN; water depth 1.3 m; light extinction coefficient 1.07 m-1

self-shading, and four tuber classes were completed, restoring the tuber density
to 61 m-2 at the end of the year.

Model Validation Simulation Results.  From the simulations performed for
model validation, it appears that both plant populations can persist in monotypic
stands at a rooting depth of 1 m or less at current water transparency levels in the
UMR.  Under the turbid conditions, sago pondweed benefits from its canopy-
type growth form, which maximizes light interception and carbon gain near or at
the water surface.  Wild celery is in a less advantageous position due to its
pyramid-type growth form, which  allows less light interception in the deeper
water and, consequently, less carbon gain.  In addition, sago pondweed shoots
appear to benefit from a longer establishment period during the spring and
persist for a longer time span without photosynthetic net carbon gain than wild
celery.  This results in stable population dynamics for sago pondweed, while
wild celery experiences population fluctuations.

Increasing turbidity and herbivory will cause local decreases in tuber
densities.  Populations which have a low-density tuber bank have the ability to
survive and return to normal tuber densities under average weather and water
level conditions; this ability is more pronounced for sago pondweed than for
wild celery.  However, populations with a low-density tuber bank are at risk to
becoming locally extinct under unfavorable weather or high water level
conditions.  It may be possible for locally extinct populations to be restored by
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Figure 22. The simulated biomass of plants, dormant tuber numbers, and new tuber numbers of a sago
pondweed community in UMR Pool 4.  The same parameter values as in Figure 20 are
used.  Climatological data pertaining to St. Paul, Minnesota, 10-year average (1985-1994);
longitude 93EE, latitude 45EN; water depth 1.0 m; light extinction coefficient 2.0-3.173 m-1

(5-year average UMR Pool 4, 1991-1996)

propagule imports from elsewhere, provided that the sources are nearby and that
conduits between the propagule source and the site of local extinction exist.  In
addition, prerequisites for recolonization include (1) presence of propagules,
(2) sufficient light, (3) suitable substrate, (4) tolerable current velocities and
waves, (5) sufficient nutrients, and (6) minimal herbivory.  Two periods appear
to be critical for the persistence of local populations: (1) early spring during the
initial elongation of the sprouts, and (2) the latter part of summer during tuber
formation.  The prerequisites for local persistence of populations with low-
density tuber banks are the ability of the new shoots to reach a maximum
attainable height in the water column where they can generate a positive carbon
gain and the ability of full-grown plants to complete one large-size tuber class. 
The models can be used to calculate the timing of these sensitive periods for any
combination of locations, rooting depth, and water transparency and can serve as
important tools for developing water management strategies concerning
submerged aquatic plant populations.

Plant growth model sensitivity analysis

A sensitivity analysis of the plant growth models indicated that the models
are most sensitive to changes in maximum photosynthetic rate at light saturation
(AMX) and photosynthetic light use efficiency (EE).  In addition, the same
analysis performed on environmental factors other than latitude indicated that
light extinction within the water column is the most sensitive environmental
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factor.  This sensitivity of these plant growth models to values of the light
extinction coefficient makes them appropriate tools to examine the potential
impacts of traffic-induced increases in suspended sediment concentrations and,
thus, concomitant decreases in light availability on growth and vegetative
reproduction of submerged aquatic plants.

Plant growth model limitations

In the models, the parameter values for both photosynthetic rate and light use
efficiency have been set and kept constant throughout the year.  However, it is
extremely difficult to obtain accurate estimates of both of these values as well as
accurate descriptions of the environmental conditions under which they were
obtained and, thus, to decide whether the published parameter values are valid
for the conditions to be modeled.  A discussion of the variation in compiled data
and their causes and consequences is presented by Sondergaard (1988).  No
quantification has been published to date of the singular and combined effects of
changes in carbon availability, oxygen regimes, periphyton dynamics, and water
movements on the population dynamics of submerged aquatic plants.  More
integration of experimental and field data on photosynthetic behavior and the
inclusion of equations describing the interactions of physicochemical processes
with plant physiological activity are expected to improve the predictive power of
the current models.  Predictability of the submerged aquatic plant population
behavior on a larger spatial scale would be improved by including the behavior
of sexual and vegetative propagules in the current models.  Linking the plant
growth models to a GIS could provide information on the importance of water
movements and quality to these models and, conversely, information on plant
biomass (live and dead) to other models. The current versions of the submerged
aquatic plant growth models simulate plant biomass, tuber density, and tuber
size within published ranges at various environmental and climatological
conditions and are, therefore, useful as tools for understanding submerged
aquatic plant dynamics. 

Summary of Ecological Impacts

The ecological impacts of concern (i.e., endpoints) in this risk assessment
included (1) direct physical damage to plants, and (2) the indirect effects of
increased suspended sediment on plant growth and vegetative reproduction. 
Physical damage to plants was assessed in relation to changes in current velocity
and waves resulting from the increased frequency of vessel passage.  The
indirect effects were evaluated in relation to anticipated increases in sediment
resuspension by an increased number of commercial vessels operating within the
UMR.

The direct impacts on submerged aquatic plants were estimated by comparing
the number of combinations of vessel types and pool segments (i.e., GIS 
�cells�) <1.5 m deep that resulted in changes in current velocity or wave heights
which exceeded threshold values associated with physical damage to submerged
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aquatic vegetation.  Risks were characterized as the percent of the total possible
combinations of cells and vessel that exceeded the threshold for three discharge
regimes or stage heights (5th, 50th, and 95th percentiles) and three different vessel
locations in relation to the navigation chart sailing line (left edge of the
navigation channel, right edge of the navigation channel, or centered on sailing
line).

The indirect effects on submerged aquatic plants were estimated using
bioenergetics-based plant growth models.  Several modeled impacts of increased
sediment resuspension on plant growth and vegetative reproduction were used to
characterize risk. 

� Values of daily gross production (g CO2/m2/d) were calculated as the product
of average hourly gross photosynthesis and day length.  Total annual gross
production was calculated as the sum of the daily values.  The average daily
rate of gross production was calculated for the growing season.  The
maximum daily gross production rate was also recorded.  This measure
records ecological impacts at a biological level scaled closely to source of
disturbance.

� Daily values of the total biomass of living plant tissue (not including
vegetative reproductive structures) were plotted for each species, pool, and
traffic scenario.  The average and maximum daily values of living biomass
were also tabulated.  This measure reflects the impacts of reduced
photosynthesis on the plant�s ability to produce additional, subsequent
photosynthetic tissue.

� Daily values of the total (living + non-living) biomass of living plant tissue
(not including vegetative reproductive structures) were plotted for each
species, pool, and traffic scenario.  The daily values were summed to produce
an overall estimate of plant organic matter produced and accumulated under
the different traffic scenarios.  The average and maximum daily values of
total biomass were also tabulated.  This measure reflects the impacts of
reduced photosynthesis on the accumulation of living and dead tissues that
serve as sources of food, cover, and habitat to other aquatic organisms. 

� The average and maximum number per square meter and biomass per square
meter of vegetative reproductive structures (e.g., tubers) were also tabulated
for each traffic scenario.  These values were used to assess the impacts of
increased commercial traffic on the allocation of fixed carbon to vegetative
reproduction.

To characterize risk, the percent differences in the preceding measures of impact
were calculated and tabulated for each of the traffic scenarios using the 1992
traffic impacts as the reference.


